We discuss the optical response of a quantum molecule under the action of two lasers fields. Using a realistic model and parameters, we map the physical conditions to find three different phenomena reported in the literature: the tunneling induced transparency, the formation of Autler-Townes doublets, and the creation of a Mollow-like triplet. We found that the electron tunneling between quantum dots is the responsible for the different optical regime. Our results not only explain the experimental results in the literature but also give insights for future experiments and applications in optics using quantum dots molecules.
Quantum interference and coherent effects have been widely studied and experimentally reported in various schemes of three-level systems (Λ−, V − and cascade-type). Driven by two coherent optical fields, atomic systems and single charged quantum dots have been used to investigate quantum phenomena such as: Autler-Townes splitting (ATS)
1 , Mollow triplets 2, 3 and electromagnetically induced transparency (EIT) 4 . The optical response of a physical system is considerably enriched when a multi-level structure is taking into account 5, 6 . A quantum dot molecule (QDM), formed by coherent tunneling between two individual semiconductor quantum dots, is an ideal system to investigate quantum interference processes similar to those reported in atomic systems 7, 8 , as it presents a controllable multilevel excitonic structure 9 .
In a previous work, we analyze the behavior of tunneling induced transparency (TIT) and slow light effects in a QDM modeled by a Λ-type system, where the role of the optical control field is replaced by tunneling coupling parameter between quantum dots 10 . Here, we investigate the optical susceptibility of a QDM coupled by tunneling, coherently driven by a probe and a control lasers. We demonstrate that the laser fields creates a level configuration that can be described as two optically active three-level subsystems where tunneling induced transparency (TIT) and ATS can be achieved. We also show the physical conditions for the formation of a Mollow-like triplet, which depends on the ratio between the control laser coupling and the tunneling.
To model the system, we considered a QDM composed of two vertically aligned QD of different sizes separated by a barrier of width d. The barrier width as well as the structural asymmetry of the system inhibits the tunneling of holes 11 and we will neglect it here. We also considered the weak probe laser with frequency ω p nearly in resonance with direct exciton transition of the "top" dot, while we tuned the control laser frequency ω c into resonance with direct exciton transition of the "bottom" dot. Additionally, we use an electric field F applied along the growth direction to control the QDM level alignment, and include the effects of radiative spontaneous decay and pure dephasing of all excitonic states, described here by rates Γ j 0 and γ j , respectively. Considering the above assumption and, in the limit of low excitation, we can describe the system with a five-states basis where |0 describes the exciton vacuum, and |1 (|4 ) the direct exciton in the top (bottom) QD. The indirect exciton state |2 (|3 ) is obtained by one electron tunneling from the top (bottom) to the bottom (top) QD. Under electric-dipole and rotating-wave approximations and after performing the unitary transformation U = e −iωct (|1 1| + |2 2|) + e −iωpt (|3 3| + |4 4|), which removes the time-dependent oscillatory terms, the matrix form of Hamiltonian is given by:
where T e is the electron tunneling matrix element, δ p =h (ω 40 − ω p ) is the probe laser detuning between vacuum and bottom QD states, δ 2 =hω 21 is the direct-indirect exciton detuning in the top dot, δ 3 = δ p +hω 34 and ∆ F = eF d is the energy shift due to the gate field. The Rabi frequencies associated with control and probe laser field are Ω c = µ 01 E c /2h
and Ω p = µ 04 E p /2h respectively, where µ ij is the dipole momentum matrix element from state i to j and E is the laser electric field amplitude. Here we have used
where E i is the energy of state |i . A schematic representation of the Hamiltonian for a fixed electric field F is shown in Fig. 1 
(a).
For our simulations we used realistic parameters for InAs self-assembled 11 , but our conclusions can be applied to other QDM made of different materials. In this system, the typical effective decay rate is of the order of Γ j = Γ shows that the dressed excitonic spectra is strongly modified by tunneling. Thus, it is expect that the tunneling coupling modifies the interplay between subsystems I) and II), as we discuss below.
To obtain the dynamics and optical properties of the QDM, we numerically solve the Liouville-von Neumman-Lindblad equation, as in our previous works 10, 19 . In order to analyze the optical properties associated with the probe field, we evaluate the optical susceptibility,
ρ 04 , where Γ opt is the optical confinement factor, V is the volume of a single QD, and ǫ 0 is the dielectric constant. The susceptibility is a complex function, written as χ = χ ′ + iχ′′, where the absorption coefficient α(ω p ) is given by χ′′, while the refractive index n(ω p ) of the probe field depends on both, real and imaginary parts of χ.
In the absence of the control laser (Ω c = 0), the QDM becomes a three-level lambda system involving the vacuum state |0 , the direct exciton |4 and the long lived indirect exciton state |3 . The absorption coefficient as a function of laser detuning, δ p , and tunneling, T e , shows a V-like form, centered at δ p = 0 10 . For T e /Γ 4 < 1/2, the absorption has a tunneling condition, it is observed a TIT-like effect. When T e /Γ 4 increases, the optical response features a ATS behavior. It is interesting to notice that, at the exact condition T e = Ω c (fulfilled as T e /Γ 4 = 5 in Fig. 4) , two of the doublets from different branches merge at δ p = 0, with the subsequent creation of a Mollow-like triplet (MT). For T e /Γ 4 > 5, we recover a four peak absorption profile but with the exchange of the central peaks.
In order to establish specific conditions to distinguish the optical behavior as function of T e /Γ 4 , we extend the procedure used in our previous work 10 . In the limit of low excitation (T e >> Ω p ), the density matrix element ρ 04 can be written as a sum of four components R i :
where δ
, and
with auxiliary parameters given by Fig. 4 , we plot the imaginary part of the susceptibility together (solid lines) with the imaginary part R i for T e /Γ 4 corresponding to the white dashed lines in Fig. 3 
Optical behavior Parameter regime
Quantum Interference (near TIT) T e /Γ 4 < 1/4
Intermediate (TIT-ATS) 1/4 < T e /Γ 4 < 1
In conclusion, we have investigate in details the absorption of a QDM in the presence of a pump and probe laser fields. Our results show that the tunneling plays a crucial role in the optical response, creating different possibilities for quantum interference effects. In order to summarize our results, the parameters conditions for different optical behavior are listed in Table I . It becomes evident that the combined action of the external electric field, tunneling and coupling laser guarantees a high degree of control of the optical processes of the QDM. Our analysis established that a simple manipulation of the external fields allow us to control some quantum interference effects in such nanoestructure device. This has a potential application in optical devices, as for example, quantum memory. 
